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Selected molecular nanomagnets have proved to be valid magnetic refrigerants for low 
temperatures.1 At the basis of this application is the magnetocaloric effect (MCE), i.e. the 
change of the magnetic entropy (∆Sm) and related adiabatic temperature following a change of 
the applied magnetic field (∆B0). In order to efficiently exploit the MCE for widespread 
applications, this effect should be maximized within the working temperature range of 
interest.2 A common strategy is that of playing with the magnetic interactions since these set 
the way in which the magnetic entropy is released as a function of temperature, i.e. it changes 
from a smooth gradual temperature-dependence in the paramagnetic case into a steeper 
behaviour when the interactions become important. This can be used advantageously to 
produce a large ∆Sm by means of a limited change in T and/or B0 that is a much larger change 
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than that produced in the absence of such interactions, yielding an enhanced refrigeration 
power )( ∫ ∆= dTSm . Unfortunately, a drawback inherent to this approach is that the MCE 
steeply falls to near zero values below the critical temperature (TC) of a magnetically ordered 
region, limiting the lowest temperature which can be attained in a process of adiabatic 
demagnetization. Therefore, if one targets a magnetic refrigerant material capable of 
achieving millikelvin temperatures, particular attention should be devoted to avoid any source 
of magnetic interactions. The same holds true for the magnetic anisotropy that should ideally 
be negligible, since the smaller the anisotropy, the less pronounced are the crystal field effects 
which, splitting the energy levels, result in MCE maxima at lower temperature. It is worth 
pointing out that best performing astronomical instruments rely on sensors cooled to mK. In 
contrast to conventional 3He-4He dilution refrigerators,3 adiabatic demagnetization 
refrigerators can be operated in a gravity-free environment − a requirement for space-borne 
missions. Furthermore, over the last few years we have witnessed a rise in the production of 
security instruments for nuclear detection that has ultimately led to a worldwide shortage of 
3He. It is then important to secure an efficient alternative to 3He-based technology for ultra-
low temperatures.  
Gadolinium is a common constituent element for magnetic refrigerant materials, mainly 
because its 8S7/2 ground state provides the largest entropy per single ion. Furthermore, its 
quenched orbital momentum implies that crystal field effects are extremely small. Bulk 
gadolinium metal undergoes a ferromagnetic ordering below TC ≈ 294 K and, for the 
aforementioned reasons, it cannot be exploited for low-temperature refrigeration. Gadolinium 
sulfate4,5 and gadolinium gallium garnet6 are well-known low-temperature magnetic 
refrigerant materials, although they are limited by their magnetic ordering temperatures of 
0.18 and 0.9 K, respectively, and so is the recently investigated gadolinium acetate 
tetrahydrate with TC ≈ 0.2 K.7 Likewise, one may expect a relatively large ordering 
temperature in the case of extended Gd3+-based systems, such as 1D chains.8 Mixed Gd3+-
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Mn3+, Gd3+-Co2+ and Gd3+-Ni2+ molecular nanomagnets have been considered as magnetic 
coolers,9-11 but they are not suitable for ultra-low temperatures due to the anisotropy induced 
by the Mn3+, Co2+ and Ni2+ ions, respectively. Diluted paramagnetic salts not-containing 
gadolinium, like cerium magnesium nitrate (CMN) and chromic potassium alum (CPA), can 
achieve mK temperatures favoured by the weak strength of the interactions between the 
paramagnetic ions.12 However, these commercially-employed magnetic refrigerant materials 
are also characterized by relatively strong magnetic anisotropy and low refrigeration power, 
which results from the small effective-spin values and spin to volume ratios. 
In this communication, we present two novel molecular nanomagnets based on 
polyoxometalate (POM) salts with general formula Na9[Gd(W5O18)2]·35H2O (hereafter 
shortened as GdW10) and K12(GdP5W30O110)·54H2O (hereafter shortened as GdW30), 
respectively. Both are characterized by having a single Gd3+ ion per molecular unit.13,14 Each 
Gd-complex therefore preserves a relatively large-spin ground state, while having a negligible 
magnetic anisotropy. Importantly, intermolecular distances are large and each magnetic ion is 
encapsulated by a closed polyoxowolframate framework, which act as a capping ligand 
(Figure 1). We shall see below that all this results in an effective screening of the magnetic 
interactions, since we experimentally observe spin ordering below ≈ 36 mK in case of GdW10 
and paramagnetism down to the lowest investigated temperature of ≈ 10 mK in case of GdW30. 
Our findings make GdW10 and GdW30 appealing for application as magnetic refrigerant 
materials for ultra-low temperatures. 
We investigated the magnetic properties of GdW10 and GdW30 by susceptibility (χM) 
experiments in the ≈ 10 mK < T < 300 K range. For both, the room-temperature χMT (Figure 
S1) value is 7.88 cm3 K mol-1 and it stays constant on decreasing the temperature down to ≈ 
0.1 K, below which it very slightly deviates from the Curie law expected for a spin-only (g = 
2.00) uncoupled Gd3+ center (Figure 2). Anticipating the discussion on the heat capacity data, 
we attribute this deviation to the presence of a small magnetic anisotropy of the molecular 
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units, which is nonetheless observable at these very low temperatures. Besides, χM(T) of 
GdW10 has an anomaly centered at ≈ 36 mK that we associate to a magnetic phase transition 
driven by dipole-dipole interactions, whereas GdW30 is paramagnetic in the whole 
investigated temperature range (Fig. 2). An explanation of such a different behaviour could be 
ascribed to the increase of the average intermolecular distance (r) from ≈ 1 nm to ≈ 2 nm for 
GdW10 and GdW30, respectively.15 If fact, if we look at the details of the crystal structure, we 
notice that the shortest Gd-Gd distance is 1.12 nm in GdW10, while it increases to 1.56 nm in 
GdW30 (Figure 1). As the strength of the dipolar interaction decreases with 1/r3, we expect the 
spin ordering temperature to scale accordingly, therefore leading to a value of 36/23 ≈ 4 mK 
for GdW30. Magnetization versus field data, collected for the 2 K < T < 20 K range and 
applied fields B0 up to 5 T (see Insets of Fig. 2), corroborate the paramagnetic susceptibility 
of both complexes in this temperature range. We observe that the isothermal molar 
magnetization curves saturate to the value of 7 NµB and their field-dependence is well 
described by the Langevin function for s = 7/2 and g = 2.00 (solid line). 
Figure 3 depicts the experimental magnetic contribution of the heat capacity (Cm) for GdW10 
and GdW30 in the ≈ 0.35 K < T < 20 K range for some selected applied fields, as labelled. As 
anticipated by the χM measurements, no sign of a phase transition is detected within the 
investigated temperature range. The experimental curves in Figs. 3(a) and 3(b) were obtained 
by subtracting the non-magnetic phonon contribution, arising from thermal vibrations of the 
lattice, from the total measured heat capacity (Fig. S2). For the sake of completeness, we 
report that the phonon contribution can be well modelled by a Debye function with ΘD = 48.9 
K and 27.7 K for the Debye temperatures of GdW10 and GdW30, respectively, which are 
typical values for this class of metal-oxide cluster compounds.16 Because GdW30 has larger 
intermolecular distances,15 softer low-energy modes, yielding smaller ΘD, are indeed to be 
expected. For both, we observe a broad Schottky-type anomaly that shifts towards higher 
temperatures on increasing applied field and that we associate with the splitting of the s = 7/2 
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multiplet of the Gd molecules. The fact that the zero-field Cm also shows such a feature 
denotes the presence of an internal field locally acting on the Gd3+ ions, either caused by 
anisotropy or magnetic interactions. Tentatively, we disregard the latter because the weak 
dipolar interactions should not be effective in this temperature range and on the basis of the 
experimental observation that the heat capacity remains unaltered by diluting the Gd3+ ions in 
Gd0.3Y0.7W10 (Fig. S3). Therefore, we fit the experimental curves using the single-spin 
Hamiltonian sBgDsH Bz
 ⋅+= µ2 , where D is an uniaxial zero-field anisotropy term. We 
obtain the best fits for D = −0.18 K in case of GdW10 and D = 6.5·10-2 K in case of GdW30, 
where the positive sign implies that the z-axis is not a preferential spin orientation.17 This 
small axial (planar) anisotropy is well consistent with the molecular symmetry of the GdW10 
(GdW30) molecule (Figure 1). 
The direct comparison in Fig. 3(c) of the zero-field Cm for GdW10 and GdW30 with that 
corresponding to the bulk metal reveals a spectacular effect on the magnetic phase transition, 
i.e. the sharp λ-like feature at TC ≈ 294 K. From the heat capacities, the temperature 
dependence of the magnetic entropies is obtained by integration, i.e. ∫=
T
mm dTTCTS
0
)/()( , 
and depicted in Fig. 3(d). It is seen that the total molar entropy gain that is reached from zero 
to infinite temperature does not depend on whether we consider the isolated Gd3+ ions or the 
higher-temperature bulk-ferromagnet, since it corresponds to the maximum gain Rln(2s+1) = 
2.08R for s = 7/2. 
We finally evaluate the MCE for the GdW10 and GdW30 molecular complexes. This procedure 
includes the calculation from the entropy curves, viz. from the measured heat capacities 
depicted in Figure 3, of the magnetic entropy change ∆Sm(T,∆B0) for selected field changes 
∆B0 = Bf − Bi, where f and i indicate final and initial states, respectively. The so-obtained 
temperature dependencies of ∆Sm are shown in Figure 4 for several ∆B0 values. One can see 
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that, for a maximum field change of ∆B0 = (7−0) T, −∆Sm reaches a maximum value of 4.7 
Jkg-1K-1 at T ≈ 1.8 K and 1.9 Jkg-1K-1 at T ≈ 1.3 K for GdW10 and GdW30, respectively. We 
notice that this ∆Sm value for GdW30 compares well with the full change of the magnetic 
entropy (2.08R), which indeed corresponds to 1.9 Jkg-1K-1 considering its molecular weight ≈ 
9029 g/mol. In case of GdW10, a field change somewhat larger than 7 T is needed in order for 
−∆Sm to reach its maximum value (2.08R), which in this latter case corresponds to 5.1 Jkg-1K-
1, according to the lighter molecular weight (≈ 3410 g/mol). The stronger field dependence at 
lower temperatures in case of GdW30 is understood taking into account its lower anisotropy.1 
Although these effects are not extraordinary large, they take place at remarkably low 
temperatures. This is especially true for GdW30 which, to our knowledge, represents the best 
realization of a paramagnetic single-atom gadolinium compound. 
In conclusion, as the current state-of-the-art in magnetic refrigeration employing molecular 
nanomagnets did not permit achieving temperatures lower than ≈ 0.2 K at best,1,7-11 we aimed 
in this work to extend the working temperature range down to temperatures much closer to 
absolute zero. The herein-investigated Gd-based POMs with formula GdW10 and GdW30, 
respectively, beautifully reach our goal. In an adiabatic demagnetization, the lowest attainable 
temperature is limited by the spin anisotropy and ordering temperature. Our experiments in 
GdW10 and GdW30 down to ≈ 10 mK demonstrate that both limitations can be overcome by 
chemically engineering the molecules in such a way to effectively screen all magnetic 
interactions, suggesting their use as coolers for ultra-low temperatures. The inherent downside 
of such an approach is related to the heavy structural POM framework of each molecular unit 
that, being non-magnetic, ultimately lowers the cooling power. Indeed, a conventionally 
employed magnetic refrigerant for mK, such as CMN, provides a magnetic entropy change 
which can be as large as Rln2, corresponding to ≈ 7.5 Jkg-1K-1.12 Although this value is still 
relatively large, its strong dependency on the orientation of the applied field (g// / g⊥ < 0.014) 
makes its application less efficient than that of the Gd-based POMs. The search for other 
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mononuclear molecular isotropic nanomagnets having lighter capping ligands, yet effective in 
screening all magnetic interactions, should motivate further studies. 
 
Experimental 
Na9[Gd(W5O18)2]·35H2O (1) was prepared following a previously described procedure.18  A 
total of 8.3 g (25 mmol) of Na2WO4·2H2O was dissolved in 20 mL of water. The resulting 
solution was adjusted to pH 7.4-7.5 with acetic acid. Subsequently, an aqueous solution (2 
mL) containing 0.93 (2.5 mmol) of GdCl3 · 6H2O was added dropwise to the above-
mentioned solution under continuous stirring and heated up to 85ºC. Crude crystals were 
isolated when this solution was left to stand at room temperature. 
K12GdP5W30O110 · 54H2O was prepared following a previously described method.19 In a 
typical experiment K12,5Na1.5[NaP5W300110]·15H2O (1 g, 0.12mmol) was dissolved in 12 mL 
of water and the solution was heated to 60-70 °C. To this solution two equivalents of the 
gadolinium ion as the chloride salt dissolved in water (3mL) was added dropwise. The 
mixture was placed in a Parr Model 4746 or Model 4748 sample preparation bomb and heated 
to 160 °C overnight. After the solution had cooled to room temperature, the product was 
isolated by the addition of 4 g of solid KCI. 
Physical characterization. Magnetic measurements down to 2 K and heat capacity 
measurements using the relaxation method down to 0.35 K on powder samples were carried 
out using commercial setups for the  0 < B0 < 7 T magnetic field range. Susceptibility 
measurements below 2 K were performed using a homemade SQUID-based AC-µ-
suceptometer installed in a 3He-4He dilution fridge.20 The latter provided data in arbitrary 
units, which we did properly scaled in order to match them with the susceptibility data  
collected with the commercial magnetometer for the overlap 2 K < T < 4 K range (Figure S1). 
In case of the µ-susceptometer, the sample consisted of a collection of small grains of c.a. 10-3 
mm3. 
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Figure 1. Top: Molecular structures of GdW10 (left) and GdW30 (right). Bottom: Crystal 
packing of both systems, showing the minimal Gd-Gd distance. Colour code: Gd, purple; 
WO6, grey. 
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Figure 2. Experimental molar susceptibility of GdW10 (top) and GdW30 (bottom) versus 
temperature for the lowest investigated temperatures and B0 = 0, together with Curie law for s 
= 7/2 and g = 2.00. Inset: experimental reduced molar magnetization (MM/NµB) of GdW10 
(top) and GdW30 (bottom) versus B0/T in the ranges 2 K < T < 20 K and 0 < B0 < 5 T, as 
labelled. Full lines are the calculated curves using the Langevin function. 
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Figure 3. (a)-(b) experimental magnetic heat capacity (Cm) of GdW10 (top) and GdW30 
(bottom) normalized to the gas constant (R) versus temperature for some selected applied 
fields B0, as labelled. (c) zero-field Cm of bulk-gadolinium together with that of GdW10 and 
GdW30, for comparison. Solid lines in (a), (b) and (c) are the calculated Schottky heat 
capacities for D = 0.18 K in case of GdW10 and D = −6.5·10-2 K in case of GdW30. (d) zero-
field magnetic entropy of GdW10, GdW30 and bulk-gadolinium versus temperature, as 
obtained from the Cm data depicted in (c). 
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Figure 4. Temperature dependencies of the magnetic entropy change ∆Sm of GdW10 (top) and 
GdW30 (bottom) for applied field changes ∆B0, as indicated. The ∆Sm is in units of Jkg-1K-1 on 
the left vertical axis, whilst it is normalized to the gas constant R on the right vertical axis. 
The dotted line is the full entropy content for an s = 7/2 spin system. 
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Figure S1. Experimental molar susceptibility (χMT) of GdW10 and GdW30 versus temperature, 
collected with a commercial AC magnetometer operating at T > 2 K. The in-phase signal is 
frequency-independent and no out-of-phase signal is detected in the whole investigated 
temperature range.  
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Figure S2. Experimental zero-field heat capacity (C) of GdW10 and GdW30 normalized to the 
gas constant (R) versus temperature. Dashed lines are the calculated lattice contributions 
providing ΘD = 48.9 K and 27.7 K for the Debye temperatures of GdW10 and GdW30, 
respectively. 
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Figure S3. Low-temperature experimental heat capacity normalized to the gas constant for 
GdW10 and the isostructurally diluted Gd0.3Y0.7W10 for comparison, as a function of 
temperature and for selected applied magnetic fields, as labelled. 
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